The signatures for the existence of dark matter are revealed only through its gravitational interaction. Theoretical arguments support that the Weakly Interacting Massive Particle (WIMP) can be a class of dark matter and it can annihilate and/or decay to Standard Model particles, among which neutrino is a favorable candidate. We show that the proposed 50 kt Magnetized Iron CALorimeter (MagICAL) detector under the India-based Neutrino Observatory (INO) project can play an important role in the indirect searches of Galactic diffuse dark matter in the neutrino and antineutrino mode separately. We present the sensitivity of 500 kt·yr MagICAL detector to set limits on the velocityaveraged self-annihilation cross-section ( σv ) and decay lifetime (τ ) of dark matter having mass in the range of 2 GeV ≤ m χ ≤ 90 GeV and 4 GeV ≤ m χ ≤ 180 GeV respectively, assuming no excess over the conventional atmospheric neutrino and antineutrino fluxes at the INO site. Our limits for low mass dark matter constrain the parameter space which has not been explored before. We show that MagICAL will be able to set competitive constraints, σv ≤ 1.87 × 10 −24 cm 3 s −1 for χχ → νν and τ ≥ 4.8 × 10 24 s for χ → νν at 90% C.L. (1 d.o.f.) for m χ = 10 GeV assuming the NFW as dark matter density profile.
Introduction and Motivation
Plethora of attempts are being made in the intensity, energy, and cosmic frontiers to build up knowledge about the Universe. Recent observations by Planck satellite [1] confirm that the baryonic and unknown non-baryonic matter (dark matter) contribute ∼ 4.8% and ∼ 26% of the total energy density of the Universe respectively. The first indication for the existence of dark matter (DM) in the Universe was made by the Swiss astronomer Fritz Zwicky [2] . This observation was put on a solid footing by Vera Rubin and her collaborators [3] . The astrophysical [4, 5] and cosmological observations [6, 7] confirm the existence of dark matter from the length scales of a few kpc to a few Gpc.
All the astrophysical evidences of dark matter are through its gravitational interactions. The non-gravitational particle physics properties of DM particles are completely unknown. The relic abundance of cold dark matter (CDM) in the Universe is matched assuming a ∼100 GeV dark matter particle with electro-weak coupling strength. This class of particles is known as Weakly Interacting Massive Particle (WIMP) [8] [9] [10] . Supersymmetry, one of the most favored beyond-the-Standard Model theory, also predicts more than one dark matter candidates including the WIMP [11] .
There are three types of detection methods for the search of DM: (i) Direct detection: DM particles are detected by observing recoiled nuclei from the scattering of DM particles in the laboratory. Experiments such as DAMA/LIBRA [12] , LUX [13] , CDMS [14] , XENON [15] , DarkSide [16] , and PandaX [17] pursue this strategy. (ii) Indirect detection: It is possible that DM particles can decay and/or annihilate to any of the Standard Model (SM) particles like νν, tt, bb etc. An excess (over standard astrophysical backgrounds) of these SM particles can be searched for to understand dark matter. The unstable SM particles decay to produce neutrinos and photons which can be searched for indirect detection. The prospects of dark matter searches through neutrino portal has been studied in the literature [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Fermi-LAT presents the analysis of its collected data of gamma rays having the energy in the range of 200 MeV to 500 GeV from Galactic halo in 5.8 years in Ref. [33] . Multiwavelength searches for dark matter have complementary reach [34] . Our focus in this work is indirect detection of dark matter via neutrinos and antineutrinos. (iii) Collider searches: The searches for supersymmetric DM candidates are carried out in LHC [35] [36] [37] .
The 50 kt Magnetized Iron CALorimeter (MagICAL 1 ) detector is proposed to be built by the India-based Neutrino Observatory (INO) project to observe the atmospheric neutrino and antineutrino separately having energy in multi-GeV range and covering a wide ranges of path lengths (few km to few thousands of km) through the Earth matter. The primary mission of the MagICAL detector is to unravel the mass ordering 2 (MO) of neutrino using the Earth matter effect [38] [39] [40] [41] and to measure the neutrino mixing parameters precisely [39, 42, 43] . The MagICAL detector has also the potential to explore the physics beyond the Standard Model [44] [45] [46] [47] [48] . In our study, we show that the MagICAL detector can play a very important role in the indirect search of DM having mass in the multi-GeV range with the help of its excellent detection efficiency, energy, and angular resolutions. We explore the sensitivity of the MagICAL detector to detect the neutrino and antineutrino events coming from the diffuse dark matter annihilation/decay in the Milky Way galaxy. We present the constraint on the self-annihilation cross-section ( σv ) and the decay lifetime (τ ) of diffuse dark matter having mass in the range [2, 90] GeV and [4, 180] GeV respectively using 500 kt·yr exposure of the MagICAL detector.
We describe the dark matter density profile and the calculation of annihilation and decay rate of dark matter in section 2. The key features of the MagICAL detector is presented in section 3. Section 4 deals with the expected event distribution of atmospheric and DM induced neutrinos in the MagICAL detector. We present the simulation method in section 5. The prospective limits on the self-annihilation cross-section and decay lifetime 1 The "MagICAL" name is used here as the abbreviation of Magnetized Iron CALorimeter which is commonly known as ICAL detector. We prefer the name MagICAL to emphasize that magnetic field is present in the ICAL detector, which enable us to separate neutrino and anti-neutrino events.
2 Two distinct patterns of neutrino masses are allowed: m of dark matter are presented in section 6. We compare our results with the existing bounds from other experiments. We also study the flux upper limit due to dark matter induced neutrinos in the MagICAL detector. We conclude in section 7.
2 Discussions on dark matter
Dark matter density profile
The general parameterization of a spherically symmetric dark matter density profile is given by
The density, ρ(r), is expressed in GeV cm −3 and r is the distance from the center of the galaxy in kpc. The parameter, r s , is the scale radius in kpc. The shape of the outer profile is controlled by α and β, whereas γ parametrizes the slope of the inner profile. The dark matter density at the Solar radius (R sc ) is denoted by ρ sc . We assume R sc = 8.5 kpc [49] . The normalization constant, ρ 0 , and all the results are calculated using the values of parameters as given in table 1. Numerical simulations which involve only dark matter particles predict a cuspy profile [50] [51] [52] [53] . Although these simulations reproduce the large-scale structure of the Universe, yet this prescription has challenges at scales below the size of a typical galaxy. It has been proposed that the addition of baryons can solve all of these small scale issues, although the results vary [54] [55] [56] [57] [58] [59] [60] [61] [62] . Present observations are not yet precise enough to distinguish between a cored and a cuspy profile [63] .
To take this DM halo uncertainty into account, we generate all the results with two different DM profiles: Navarro Frenk White (NFW) profile [50] , which represents cuspy halos, and the Burkert profile [64] , which represents cored halos. The values of different parameters associated with these profiles are taken from Ref. [65] . In Fig. 1(a) , we plot the NFW and Burkert dark matter density profiles with distance r from the center of the Milky Way galaxy by the black solid and green dashed lines respectively.
For conservativeness, we do not consider the effects of dark matter substructure. Depending on the value of the minimum halo mass and other astrophysical uncertainties, this can give a substantial contribution to the signal discussed here [66] [67] [68] [69] [70] [71] .
0.487 9.26 In Fig. 1(b) , a schematic diagram of a small portion of the Milky Way DM halo is shown with O as the Galactic center (GC). The dark matter density at point P with its distance l from the Earth is a function of the length OP = R 2 sc − 2lR sc cos ψ + l 2 . The angle made at the Earth by points P and O is ψ and the corresponding solid angle is ∆Ω. The angle made at the Earth by points P and O and the corresponding solid angle are denoted by ψ and ∆Ω respectively.
Annihilation of dark matter
We consider the annihilation between a dark matter particle (χ) and its antiparticle (χ) to produce a neutrino and an antineutrino in the final state with 100% branching ratio:
The neutrinos and antineutrinos of e, µ, and τ flavors are assumed to be produced in 1:1:1 ratio at source. This ratio remains same on arrival at the Earth surface due to loss of coherence while propagating through astrophysical distances (see appendix A). The number of ν/ν from a direction ψ due to the annihilation of dark matter particles is proportional to the line of sight integration of the square of dark matter density:
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The factor 1 Rscρ 2 sc is included to make J ann (ψ) dimensionless. The upper limit l max is the distance between the observer and the farthest point (denoted by P ) in the Milky Way halo at the angle ψ. The radius of Milky Way galaxy is R MW (= OP = 100 kpc), and thus
Increase of R MW to 150 kpc enhances the value of J ann (ψ = 180 • ) by 0.03%. The average value of J ann (ψ) over a solid angle 2π
The variation of J ann (ψ) and J ann ∆Ω (ψ) with angle ψ are shown by the black solid (green 6) where σ A v is the self-annihilation cross-section in units of cm 3 s −1 . The factor 1 2 is included as we assume the dark matter particle is same as its own antiparticle. The factor 1 3 takes into account the flavor ratio of ν/ν on the Earth's surface. The probability of ν e , ν µ , and ν τ to be produced in the final state are the same. Therefore the flux of ν/ν with each lepton flavor is calculated as the total ν/ν flux divided by the total number of lepton generations, which gives rise to the 1 3 factor in Eq. 2.6. The factor 4π in the denominator is for the isotropic production of νν in annihilation of dark matter. The parameter m χ is mass of the DM particles in units of GeV. The energy spectrum of ν/ν is given by
since dark matter particles in our galaxy are non-relativistic (local velocity ∼ 10 −3 c).
Decay of dark matter
A dark matter particle is assumed to decay into ν e +ν e , ν µ +ν µ , and ν τ +ν τ with equal branching ratio:
The ν/ν flux from dark matter decay is proportional to the line of sight integral of the dark matter distribution, J dec (ψ), with
The quantity R sc ρ sc in the denominator makes J dec (ψ) dimensionless. All other symbols have same meaning as before. The quantity J dec ∆Ω (ψ) represents the average value of J dec (ψ) over the solid angle ∆Ω = 2π(1 − cos ψ):
For the decaying dark matter, J dec (ψ) and J dec ∆Ω (ψ) are shown in left and right panels of We obtain J dec ∆Ω ( ψ = 180 • ) = 2.04 and 1.85 for the NFW and Burkert profile respectively. These agree with those presented in Ref. [72] up to uncertainties in the dark matter profile parameters.
The flux of neutrinos of each flavor per unit energy per unit solid angle in units of GeV −1 sr −1 cm −2 s −1 from the decay of dark matter particles is given by
where m χ is the mass of DM particle (χ) in GeV, and τ is the decay lifetime of χ in second. The factor 1 3 accounts for the averaging over total number of lepton flavors and 4π implies isotropic decay. The mass of dark matter is shared by final ν andν, thus, their energy spectrum can be written as The field strength of the magnetized iron plates will be around 1.5 T, with fields greater than 1 T over at least 85% of the detector volume [74] .
Bending of charged particles in this magnetic field help us to identify the charges of µ − and µ + which are produced in the charged-current (CC) interactions of ν µ andν µ inside the detector. This magnetic field inside the detector is best suited to observe muons having energies in GeV range, measure their charges, and reconstruct their momentum with high precision [75] . The capabilities of ICAL to measure three flavor oscillation parameters based on the information coming from muon energy (E µ ) and direction (cos θ µ ) have already been explored in Refs. [38, 42] . Recently it has been demonstrated that the ICAL detector has ability to detect hadron 3 showers and extract information about hadron energy from them [76, 77] . The energy of hadron (E / had = E ν − E µ ) can be calibrated using number of hits in the detector due to hadron showers [76] . In [39] , it has been shown that by adding the hadron energy information (E / had ) to the muon information (E µ , cos θ µ ) of each event the sensitivity of ICAL to the neutrino oscillation parameters can be greatly enhanced. In this phenomenological study, we explore the physics reach of MagICAL to see the signatures of Galactic diffuse dark matter through neutrino portal using the neutrino energy (E ν ) and zenith angle (cos θ ν ) as reconstructed variables. We consider reconstructed neutrino energy threshold to be 1 GeV for both µ − and µ + events. The energy resolution of the MagICAL detector is expected to be quite good, and we assume that the neutrino energy will be reconstructed with a Gaussian energy resolution of 10% of E/GeV (see table 2 ). As far as the angular resolution is concerned, we use a constant angular resolution of 10 • . For µ ∓ events, the constant detection efficiency is 80%, and the constant charge identification (CID) efficiency is 90%. The detector properties that we use in our simulation agree quite well with the detector characteristics that have been considered in the existing phenomenological studies related to the MagICAL detector. For example see Refs. [78] [79] [80] [81] . We have checked that the representative choices of energy and angular resolutions of ν µ andν µ that we consider in this work can produce similar results for oscillation studies as obtained by the INO simulation code using muon momentum as variable. In this work, we assume that the 50 kt MagICAL detector will collect atmospheric neutrino data for 10 years giving rise to a total exposure of 500 kt·yr.
Event spectrum and rates
In this section, we present the expected event spectra and total event rates at the MagICAL detector. To estimate the number of expected µ − events 4 from atmospheric ν µ andν µ 5 in the i-th energy bin and j-th zenith bin at the MagICAL detector, we use the following expression [82] 
In the above equation, T is the total running time in second, and N t is the total number of target nucleons in the detector. The quantities E (E ) and θ (θ ) are the true (reconstructed) neutrino energy and zenith angle respectively. For µ − (µ + ) events, σ CC νµ (σ CC νµ ) is the total neutrino (antineutrino) per nucleon CC cross-section. These cross-sections have been taken from Fig. 9 of Ref. [83] . We take the unoscillated atmospheric ν µ and ν e fluxes estimated for the INO site in units of m −2 s −1 GeV −1 sr −1 from Ref. [84, 85] . The probability of a ν µ (ν e ) to survive (appear) as ν µ is denoted by P µµ (P eµ ). The parameters E (Ē) and C (C) are the detection and charge identification efficiencies respectively for µ − 4 The number of µ + events from atmospheric neutrinos can be estimated using Eq. 4.1 by considering appropriate flux, oscillation probability, cross-section, and detector properties. 5 Atmospheric muon antineutrino flux gives rise to µ + events in the detector, which can be misidentified as µ − events.
(µ + ) events. The quantities R(E, E ) and R(θ, θ ) are the Gaussian energy and angular resolution functions of the detector, which are expressed in the following way
The parameters σ E and σ θ (sin θ ∆θ) denote the energy and angular resolutions as given in The binning scheme adopted for the reconstructed E ν and cos θ ν for each muon polarity. The last column depicts the total number of bins considered for each observable.
We can estimate the µ − events in the i-th energy bin and j-th angular bin from the dark matter induced neutrinos and anitneutrinos by making suitable changes in Eq. 4.1 in the following fashion
In case of dark matter annihilation and decay, we have fluxes of ν τ andν τ along with the fluxes of ν e ,ν e , ν µ , andν µ . The dark matter induced neutrino and antineutrino fluxes 6 for each flavor are estimated using Eqs. 2.6 and 2.11 for annihilation and decay processes respectively. In the above equation, the probability of ν τ (ν τ ) to appear as ν µ (ν µ ) at the detector is expressed by P τ µ (P τ µ ). All the other symbols signify the same parameters as described in Eq. 4.1. In our analysis, we take δ CP = 0 • and therefore, we can write P αβ = P βα andP αβ =P βα . Due to these properties and unitary nature of the PMNS matrix U [86] [87] [88] , the sums of oscillation probabilities for neutrino and antineutrino in above equation become 1. Therefore, ν µ andν µ event rates due to the dark matter annihilation/decay do not depend on the values of oscillation parameters.
In our simulation, the full three flavor neutrino oscillation probabilities are incorporated using the PREM profile for the Earth matter density [89] . The choices of central values of the oscillation parameters that are used in our simulation lie within the 1σ range of these parameters as obtained from the recent global fit studies [90] [91] [92] . We produce all the results in this paper using the following benchmark values of oscillation parameters: sin 2 θ 23 = 0.5, sin 2 2θ 13 =0.085, ∆m 2 eff = ± 2.4 × 10 −3 eV 2 , sin 2 2θ 12 = 0.84, ∆m 2 21 = 7.5 × 10 −5 eV 2 , and δ CP = 0 • . The (+) and (-) signs of ∆m 2 eff 7 correspond to normal ordering (NO) and inverted ordering (IO) respectively. In fit, we keep the values of oscillation parameters and the choice of mass ordering fixed.
In this analysis, we binned the ν andν data separately using reconstructed observables E ν and cos θ ν as described in table 3. There are total 29 E ν bins in the range of E ν = [1, 100] GeV. The bins of E ν are chosen uneven to ensure that they are consistent with the energy resolution of the detector at various energy ranges. The isotropic nature of the signal allows us to take coarser binning in cos θ ν , and we take four cos θ ν bins of equal size in the range [-1, 1]. We use comparatively finer bins for reconstructed E ν because the signal has a strong dependency on energy of neutrino. We adopt an optimized binning scheme so that we have at least 2 events in each bin. The total number of bins used in our analysis is 29 × 4 = 116. We show the signal and background event distribution plots as a function of reconstructed neutrino energy for various cos θ ν ranges in section 6 (see Figs. 4 and 6).
Simulation method
In our analysis, we consider the dark matter induced neutrinos as signal and treat atmospheric neutrinos as background. If N atm ij and N dm ij denote the number of µ − events produced from the interactions of atmospheric ν µ and dark matter induced ν µ respectively in the i-th energy and j-th angular bin (see Eqs. 4.1 and 4.4), then the Poissonian χ 2 [95] can be written as (1 + π atm ζ atm ) + N dm ij (1 + π dm ζ dm ) neglecting higher order terms. Here, N Eν = 29 and N cos θν = 4 as mentioned in table 3. The quantities π dm and π atm in Eq. 5.1 are the over all normalization errors on signal and background respectively. We take π dm = π atm 8 = 20%. The systematic uncertainties in this analysis are incorporated using the pull method [97] [98] [99] . The parameters ζ dm and ζ atm are the pull variables due to the systematic uncertainties on signal and background respectively. The values of ζ dm and ζ atm are obtained by setting 8 For a detailed discussion on the uncertainties of the atmospheric neutrino flux, see Ref. [96] .
and their values lie within the range -1 to 1. Following the same procedure, χ 2 (µ + ) for µ + events is obtained. We calculate the total χ 2 by adding the individual contributions from µ − and µ + events in the following way 9
We notice that our results remain unchanged if we consider larger uncertainties on the atmospheric neutrino events. The reason behind this is that for any choice of m χ we have many bins in terms of the reconstructed observables E ν and cos θ ν , which are not affected by the dark matter induced neutrinos. Therefore these bins can constrain the uncertainties on the atmospheric neutrino flux. On the other hand, we notice that if we take the larger uncertainties on the dark matter induced neutrino events, say 30%, our final results get modified by 2 to 3%. It is worthwhile to mention that the maximum uncertainty on the signal stems from the dark matter density profile. Therefore, we give our results assuming two different profiles for the dark matter density which are the NFW and the Burkert.
As we have discussed in section 4, the dark matter induced signal does not depend on the oscillation parameters as long as we take the CP-violating phase δ CP = 0 • . The dependency on the oscillation parameters in the results comes only through the atmospheric neutrino background. We produce all the results assuming normal ordering both in data and theory. We have checked that the results hardly change if we consider inverted ordering. One of the main reasons behind this is that due to our choice of coarser reconstructed cos θ ν bins, the information coming from the MSW effect [100] [101] [102] [103] in the atmospheric neutrino events gets smeared out substantially. Another reason is that since the dark matter induced neutrino signal appears only in 2 to 3 E ν bins (see in Figs. 4 and 6), χ 2 is hardly affected due to the change in atmospheric neutrino background in these bins when we switch from NO to IO.
Results

Constraints on annihilation of dark Matter
In this section, we present the constraints on self-annihilation cross-section of dark matter (χχ → νν) which can be obtained by 500 kt·yr of MagICAL exposure. The background consists of conventional atmospheric neutrinos, and the signal consists of neutrinos coming from dark matter annihilation. The simulated event spectra as a function of reconstructed neutrino energy in 500 kt·yr exposure of MagICAL detector are presented in Fig. 4 . The quantity in the y-axis of Fig. 4 is the number of events per unit energy range multiplied by the mid value in each energy bin. In each panel, the black solid line represents the event distribution of conventional atmospheric ν µ , denoted by ATM. If DM particles of mass 30 GeV, for example, self-annihilate to νν pairs, then each of these ν andν will have 30 GeV of energy. The total neutrino event spectra in MagICAL detector in presence of DM annihilation are shown by the red dotted lines (ATM + DM) in Fig. 4 . The value 9 Here, we would like to mention that though we assume same amount of normalization uncertainties for µ − and µ + events, we get different values of ζ dm and ζatm for µ − and µ + channels.
of self-annihilation cross-section of dark matter for these plots is taken to be 3.5 × 10 −23 cm 3 s −1 .
[GeV] An excess of ν µ events due to dark matter annihilation appears over the ATM around reconstructed neutrino energy of 30 GeV. These events get distributed over nearby energy bins due to the finite energy resolution of the detector. The number of signal and atmospheric events in neutrino mode are 174 and 210 respectively in the energy range [25, 35] GeV and cos θ ν ∈ [−1, 1]. There are 4 panels: each represents the event distribution summed over different cos θ ν ranges. The figures in top panels portray the event spectra over cos θ ν ∈ [−1, −0.5] and [−0.5, 0.0] from left to right. These events are due to upward going neutrinos, which travel a long distance through the Earth matter before they reach the detector. Though in these panels, the signatures of neutrino flavor oscillation are seen in ATM spectra, but the imprints of the Earth matter effect are not visible due to the choice of our large cos θ ν bins. The energy distributions of downward going events are shown in bottom panels from left to right for cos θ ν ∈ [0.0, 0.5] and [0.5, 1.0] respectively. These neutrinos do not oscillate as they traverse a length smaller than the oscillation wavelength in multi-GeV range. The statistical error bars in these plots associated with different energy bins are equal to the square root of the number of events in the corresponding bins.
[GeV] The charge identification ability 10 of the MagICAL detector provides an opportunity to explore the same physics in neutrino and antineutrino channels separately. This is not possible in water Cherenkov, liquid scintillator, and liquid argon based detectors. The MagICAL detector will have separate data sets for ν µ andν µ . The total sensitivity is obtained by combining the ν µ andν µ data sets according to Eq. 5.2. We present results by using ν µ andν µ data separately, and then combining these two. The upper limits on self-annihilation cross-section ( σv ) of DM particles for the process χχ → νν at 90% C.L. (1 d.o.f. ) that MagICAL will obtain with 10 years of data are represented in Fig. 5 . The red dashed, blue dot-dashed, and the black solid lines in Fig. 5(a) represent the limits on σv from ν µ ,ν µ , and the combination of ν µ andν µ data respectively using the NFW profile. Analysis with ν µ gives tighter bound thanν µ because of the higher statistics of ν µ overν µ . 10 We have checked that χ 2 ν + χ 2 ν is better than χ 2 ν+ν by very little amount, which is around 2%. In our analysis, CID does not play an important role unlike in the case of mass ordering determination for the following reasons. First, the signal is independent of oscillation parameters and it appears only in two to three Eν bins. Secondly, the impact of the Earth matter effect in atmospheric ν andν events (background) gets reduced for our choices of large cos θν bins.
At higher energies, the atmospheric neutrino flux (background) decreases, and same happens to the signal coming from dark matter self annihilation because of its m −2 χ dependence (see Eq. 2.6). A competition between these two effects lowers the signal to background ratio for heavy dark matter particles. Thus, the bound on σv becomes weaker for heavy DM. We can have a rough estimate of how σv depends on m χ in the range say 4 to 8 GeV by mainly considering the energy dependence of flux and interaction cross-section in both signal and background. In this m χ range which also corresponds to neutrino energy range of 4 to 8 GeV, the atmospheric flux varies as ∼ E −2.7 ν , whereas neutrinos flux from the annihilating DM goes as σv /m 2 χ . For both signal and background, the neutrino-nucleon CC cross-section is approximately proportional to E ν or m χ in case of annihilation. Therefore, the neutrino signal from dark matter annihilation (S) depends on m χ in the following way: S ∝ Fig. 5(a) , we can see that at m χ = 4 GeV, the limit on σv is 1.2 × 10 −24 cm 3 s −1 in case of ν +ν modes. Now, from our approximate expression as mentioned above, the limit on σv at m χ = 8 GeV should be around 1.2 × 10 −24 × (8/4) 0.15 cm 3 s −1 = 1.33 × 10 −24 cm 3 s −1 , which is indeed the case as can be seen from the black solid line in Fig. 5(a) . If we want to do the same exercise for m χ < 4 GeV, then the only change that we have to make is that the atmospheric neutrino flux varies as E −2 ν at those energies instead of E −2.7 ν . On the other hand, to explain the nature of the same curve for m χ above 8 GeV, we have to also take into account the effect of neutrino flavor oscillation and detector response which have nontrivial dependence on E ν whereas, the atmospheric neutrino flux still varies as E −2.7 ν in this energy range. We compare the constraints with the NFW and the Burkert profiles by black solid and green dashed lines respectively in Fig. 5(b) combining the neutrino and antineutrino data. We obtain better sensitivity with the NFW profile than with the Burkert profile. The average value of J factor over 4π solid angle for the Burkert profile is smaller than that for the NFW profile. Thus, the signal strength with Burkert profile is smaller than that with the NFW profile. We have J ann ∆Ω = 3.33 and 1.60 for the NFW and Burkert profiles respectively, with ∆Ω = 4π.
Constraints on decay of dark matter
Assuming that dark matter particles have a mass of 30 GeV, and they decay to νν pairs, then the energy that each ν andν carries is 15 GeV. These events give rise to an excess of ν µ andν µ events around reconstructed neutrino energy of 15 GeV on top of the atmospheric neutrino event distribution as shown in Fig. 6 . The black solid lines represent the event distributions for the atmospheric neutrinos and the red dotted lines show event distributions for background along with the signal. The four panels in Fig. 6 correspond to different cos θ ν ranges as mentioned in the figure legends. Here, we assume the lifetime (τ ) of dark matter to be 4.7 × 10 24 s and we take 500 kt·yr exposure for the MagICAL detector. We can see from Fig. 6 that the events due to the decay of dark matter get distributed around 15 GeV due to the finite energy resolution of detector. In this case, the number of the signal and background events are 81 and 289 respectively in the reconstructed energy range [13, 17] GeV and cos θ ν ∈ [−1, 1].
[GeV] The future sensitivity of the MagICAL detector to set a lower limit on the lifetime (τ ) of dark matter as a function of m χ is shown in Fig. 7 . We give the results at 90% C.L. (1 d.o. f.) assuming 500 kt·yr exposure of the proposed MagICAL detector. Here, we assume the dark matter density profile to be the NFW. The red dashed (blue dotdashed) line in Fig. 7(a) represents the bound which we obtain using ν µ (ν µ ) data set. The bound gets improved when we add the ν µ andν µ data sets and the corresponding result is shown by the black solid line. Here, we see that the limits on the dark matter lifetime get improved when we consider higher m χ . It happens for the following reasons. The flux of neutrinos coming from the dark matter decay (signal) has a m −1 χ dependence (see Eq. 2.11) and the atmospheric neutrino flux (background) gets reduced substantially at higher energies. We find that in presence of these two competing effects, ultimately, the signal over background ratio gets improved for higher m χ , which allows us to place restrictive bounds on the lifetime of dark matter. In Fig. 7(a) , we can explain how the limit on dark matter life time τ depends on m χ in the range say 8 GeV ≤ mχ ≤ 16 GeV by mainly taking into account the energy dependence of the flux and neutrino-nucleon CC cross-section in the same fashion which adopt to explain the bound on σv in the previous section. The above range of m χ corresponds to the E ν range of 4 GeV to 8 GeV, since the neutrino energy from decaying DM is E ν = m χ /2. Here, the neutrino flux from decaying DM is proportional to From Fig 7(a) , it can be seen that at m χ = 8 GeV, the limit on τ is 4.0 × 10 24 s combining ν andν modes. From the simple m χ dependence of τ that we discuss above, at 16 GeV, the limit on τ should be around 4.0 × 10 24 × (16/8) 0.85 s = 7.21 × 10 24 s, which is very close to the value as can be seen from the black solid line in Fig 7(a) . To obtain the similar analytical understanding for m χ below 8 GeV, we need to make suitable changes in the energy dependence of atmospheric neutrino flux which we have already discussed in the previous section. Similarly, to see how τ varies with m χ above 16 GeV, we have to also take into account the nontrivial energy dependence of neutrino flavor conversion and detector response along with flux and cross-section.
Due to the uncertainties in the dark matter density profiles, we present the bound on decay lifetime of dark matter with the profiles: NFW and Burkert by the black solid and green dashed line respectively in Fig. 7(b) . Ref. [104] considers only µ + µ − as final states for dark matter decay in the context of ICAL-INO, although their constraints are much weaker.
Comparison with other experiments
[GeV] Various experiments present the bounds on the self-annihilation cross-section of χχ → νν and the decay lifetime of χ → νν processes. Fig. 8(a) shows a comparison of the current bounds on σv at 90% C.L. (1 d.o.f. ) from the first three phases of the SuperKamiokande [21] (blue long-dashed line), the four phases of the Super-Kamiokande [105] (blue long-dash-dotted line), IceCube [65, 106] (green dot-dashed and green triple-dotdashed lines), ANTARES [107, 108] (red dotted and red dashed lines), PINGU [109] (green shade), and from the MagICAL detector (black solid line) for the process χχ → νν. We do not show the weaker limits from Baikal NT200 [110] . In Fig. 8(b) , we compare the limits on decay lifetime (τ ) for the process χ → νν from the first three phases of the Super-Kamiokande experiment [21] (blue long-dashed line) and the present work (black solid line).
Due to the lower energy threshold of MagICAL, the dark matter constraints can be estimated for m χ values which are as low as 2 GeV and 4 GeV in case of annihilating and decaying dark matter respectively. The good energy and direction resolutions of MagI-CAL detector help to strongly constrain the σv and τ for m χ in multi-GeV range. The constraints on σv obtained using 319.7 live-days of data from IceCube operating in its 79 string configuration during 2010 and 2011 are stronger than MagICAL for dark matter masses heavier than ∼ 50 GeV (see green dot-dashed line in Fig. 8(a) ) [24, 65, [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] . But, if we consider the limits on σv estimated using three years of the IceCube/DeepCore data [106] , then their performance becomes better than the MagICAL detector for m χ ≥ 30 GeV (see green triple-dot-dashed line in Fig. 8(a) ). Using the 9 years data of ANTARES, no excess was found over the expected neutrino events in the range of WIMP mass 50 GeV ≤ m χ ≤ 100 GeV, and they presented the most stringent constraint on σv for m χ ≥ 70 GeV [108] . However, for dark matter masses 100 GeV, the potential constraints from MagICAL are comparable or slightly better than that from Super-Kamiokande [21, 105] . The limit on σv by 500 kt·yr exposure of MagICAL detector is better than that from 1 year exposure of PINGU [109] . The constraints on dark matter annihilation and decay that we show in Fig. 8 can only be obtained from neutrino telescopes, including liquid scintillator detectors [121, 122] . The dark matter masses that we consider are too low for efficient electroweak bremsstrahlung, and hence gamma-ray constraints on this channel are weak [123] [124] [125] [126] [127] [128] [129] [130] [131] . Since MagICAL can distinguish between µ + and µ − , it can also give constraints on exotic lepton number violating dark matter interactions. The potential dark matter constraints from Baikal-GVD, and Hyper-Kamiokande will be stronger or comparable [132, 133] . The complementarity of INO-MagICAL with PINGU and HyperKamiokande will certainly make dark matter physics richer.
The constraints on DM-induced neutrino flux
We can use the constraints on σv (see section 6.1) and τ (see section 6.2) in Eqs. 2.6 and 2.11 respectively to place the upper bound on the neutrino and antineutrino flux from dark matter . In Fig. 9(a) , the blue filled triangles and red empty triangles depict the upper bounds on ν e /ν µ /ν τ flux at 90% C.L. (1 d.o.f.) using the constraints on σv (in case of annihilation) and τ (in case of decay) respectively. Fig. 9(b) shows the same for ν e /ν µ /ν τ flux. The mass ordering is taken as NO and the dark matter profile is assumed to be NFW. We can see from both the panels in Fig. 9 that the limits on neutrino (left panel) and antineutrino (right panel) flux from both annihilation and decay improve as we increase the value of m χ . We can understand this behavior in the following way. We know that the atmospheric neutrino event rates which serve as background for annihilation and decay decrease as we go to higher neutrino energy. This can be clearly seen from Fig. 4 and also Fig. 6 . This is also true for atmospheric antineutrino events. Since, the atmospheric neutrino and antineutrino backgrounds get reduced when we go from lower to higher m χ , we need less dark matter induced neutrino and antineutrino flux for both annihilation and decay to obtain the same confidence level in ∆χ 2 which is 2.71 at 90% C.L. (1 d.o.f) . Hence, we can place better constraints on the DM induced neutrino and anitneutrino flux as we move from lower to higher m χ values. Another feature that is emerging from both the panels in Fig. 9 that we have better constraints on the neutrino and antineutrino flux obtained from the annihilation of dark matter as compare to its decay for a fixed m χ . We can also explain this feature in the following way. For a fixed value of m χ , the available energy of neutrino and antineutrino, E ν/ν , is equal to m χ for annihilation and m χ /2 for decay. Let us consider the case for m χ = 10 GeV in both the panels. In this case, the available neutrino/antineutrino energy for annihilation (decay) is 10 GeV (5 GeV). Now, we already know that the background events induced by atmospheric neutrino and anitneutrino flux are higher at 5 GeV (in case of decay) as compared to 10 GeV (in case of annihilation). Therefore, for a fixed choice of m χ value, we need higher neutrino and antineutrino flux from decaying DM as compare to annihilating DM to place the constraints at same confidence level.
Conclusions
We explore the prospects of detecting diffuse dark matter in the Milky Way galaxy at the proposed INO-MagICAL detector. The future sensitivity of 500 kt·yr MagICAL detector to constrain the dark matter self-annihilation cross-section ( σv ) and decay lifetime (τ ) for χχ → νν and χ → νν processes respectively are estimated. We find that MagICAL will be able to probe new parameter space for low mass dark matter.
Combining information from ν andν modes, the future limits on σv and τ are ≤ 1.87 × 10 −24 cm 3 s −1 and ≥ 4.8 × 10 24 s respectively at 90% C.L. (1 d.o.f.) for m χ = 10 GeV assuming the NFW profile. These limits will be novel and they will address many viable dark matter models. The limits for higher dark matter masses will also be competitive with other neutrino telescopes.
We have also shown the bounds on σv and τ with ν andν data separately. This enables us to probe the same physics through the ν andν channels due to the charge identification capability of the MagICAL detector.
Although, we have studied the processes χχ → νν and χ → νν, other final states like µ + µ − , τ + τ − , bb are also possible. The constraints on these channels obtained from the gamma-ray detectors are much stronger, and hence we do not consider them. Since the analysis is done for the diffuse dark matter component of the Milky Way galaxy, the constraints on self-annihilation cross-section and decay lifetime are robust and conservative, and the constraints have mild dependence on the dark matter profile. Besides new and novel methods in dark matter indirect detection physics [134, 135] , it is imperative that we fully utilize the capabilities of new and upcoming detectors. Our work explores the capabilities of INO-MagICAL to search for dark matter, and we encourage the community to look into this signature in more detail. 
A Oscillation of DM induced neutrinos
The oscillation probability of neutrino from one flavor (α) to another flavor (β) in vacuum is given by
where U as the 3 × 3 unitary PMNS matrix [86] [87] [88] . When L is very large, 2nd and 3rd terms in Eq. A.1 get averaged out to zero due to very rapid oscillations, and give rise to the following expression
We assume that the annihilation/decay of dark matter particles produce ν e , ν µ , and ν τ in the ratio of 1:1:1 at the source. During their propagation through the astronomical distance from source to detector, they undergo vacuum oscillation. Imposing the unitary property of U in Eq. A.2, the ratio of neutrino flavors at the Earth surface remains 1:1:1, and this is true irrespective of the values of oscillation parameters.
